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Abstract 



The charged fermion mass matrices are always invariant under symmetry linked to the 

fermion number transformation. A class of two Higgs doublet models (2HDM) can be identified 
by requiring that the definition of this symmetry in an arbitrary weak basis be independent of 
Higgs parameters such as the ratio of the Higgs vacuum expectation values. The tree level flavour 
changing neutral currents normally present in 2HDM are absent in this class of models but unlike 
the type I or type H Higgs doublet models, the charged Higgs couplings in these models contain 
additional flavour dependent CP violating phases. These phases can account for the recent hints 
of the beyond standard model CP violation in the and Bs mixing. In particular, there is a 
range of parameters in which new phases do not contribute to the K meson CP violation but give 
identical new physics contribution to the B^ and Bg meson mixing. Speciflc model realizations of 
the above scenario are briefly discussed. 
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I. INTRODUCTION 



Observations at B-factory and Tevatron have established the Cabibbo Kobayashi 
Maskawa (CKM ) mechanism as the dominant source of CP violation. At the same time 
they have also thrown hints jl|-El of departures from the CKM picture. Two noteworthy 
hints are in CP violations in the Bd and systems. Indirect determination of the CP 
asymmetry S^Ks using the fitted values of the CKM parameters 0] seems to differ from the 
direct measurement by about 1.7a. Likewise, the CKM fits in the SM predict very small CP 
asymmetry S^^ compared to large values based on observations by the CDF ^ and the DO 
[3| groups. Global analysis by the UTfit group a appear to show more than 3a deviation 
from the SM prediction for the phase appearing in S^^i, . The corresponding result by the 
CKM fitter |6| group is 2.5a. Both these features may point to the presence of some addi- 
tional CP violation. We wish to look here at the possibility of explaining such CP violation 
using the two Higgs doublet models (2HDM). 

2HDM represent the simplest extension of SM involving only one additional doublet of 
Higgs. These models allow (1) flavour changing neutral currents (FCNC) at the tree level 
and (2) contain a charged Higgs which provides additional source of flavour violations. The 
most general 2HDM tend to generate large FCNC for moderate Higgs mass. This has 
resulted in specific models (called type-I and type II 2HDM) in which an additional discrete 
symmetry is imposed to eliminate the FCNC at the tree level. It turns out that the charged 
Higgs couplings do not provide any additional source of CP violation in these models. They 
cannot thus explain possibly large CP violating phases in the neutral B mixings if confirmed 
in future. One would need to go beyond the type-I and type-II 2HDM to explain new CP 
violating phases. One possibility perused in [? - 10| is to invoke flavour symmetries to restrict 



structure of FCNC couplings rather than eliminating them altogether. This leads to models 
with suppressed FCNC and additional phases whose phenomenological consequences have 



been studied in [llHl3[. More economical possibility is to have models without tree level 
FCNC but additional phases in the charged Higgs couplings. Here we wish to discuss such 
models motivated by the studies of flavour symmetries of mass matrix in 2HDM. 

Flavour symmetries are often invoked in SM and beyond to restrict the structure of 
Yukawa couplings all of which cannot be directly determined from experiments. Either one 
can impose some symmetry and study its consequences for fermion flavour structure or one 
can use experimental information to guess possible flavour symmetries under which fermion 
mass matrices remain invariant. Advantage of this approach is that it directly relates the 
experimental observations to some symmetries of mass matrices. But relating symmetries of 
mass matrices to symmetry of Lagrangian is not straightforward in this bottom up approach. 
Assumption that symmetries of mass matrices form sub-groups of the full symmetry at the 
Lagrangian level can lead to identification of possible interesting flavour symmetries and 
this approach has been pursued in [3, [l5|. General study of this approach, particularly, 
the relation between the structures of mass matrices and symmetries enjoyed by them was 



recently made in 15|, |l6|. Lam in his study [14] of the neutrino mass matrix found that 
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an arbitrary neutrino mass matrix can always be linked to a symmetry S which leaves 
invariant, S^M^S = My. It was then pointed out by Grimus, Lavoura and Ludl [16| 



that any Hermitian mass matrix MjMj obtained form a fermion mass matrix Mj always 
possesses a symmetry Gf = U{1) x f/(l) x U{1) and the corresponding G for the mass matrix 
of the Majorana neutrinos is Z2 x Z2 x Z^- This is easy to prove. If \^ is a unitary matrix 
which diagonalizes a Hermitian mass matrix M/Mj, i.e. 

with a diagonal D then one can always construct an 5 = VP[oLi)V'^ which leaves MjMj 
invariant, i.e. S'^MfMjS = MjMj. P{ai) refers to a diagonal phase matrix with phases ai 
and S therefore generates a U{1) x x U{1) symmetry. 

The above reasoning can easily be generalized to non Hermitian mass matrices. Define 

Sl,r = VL,RP{a,)Vl^ , (1) 

where Vl,r are unitary matrices diagonalizing a general non-Hermitian M 

M = VlDVI . (2) 

It then follows that Sl,r define a symmetry of M: 

SImSr = M . (3) 

The symmetries Sl,r and the resulting form of M may look complicated depending on the 
choice of Vl^r but eq.([3]) is equivalent to the statement of the fermion number conservation 
of each generation by its mass term. This is trivial to see. Let fL,R denote the fermion fields 
in their mass basis corresponding to a diagonal mass matrix D. In this basis, individual 
fermion number is conserved by the mass term: 

P\ai)DP{ai) = D . (4) 

Arbitrary weak basis would be defined as /{^ = VL,RfL,R- The phase invariance of the mass 
term (eq.(jl])) then manifests itself in the weak basis as invariance under Sl^r, eq.Qas can 
be seen by multiplying eq.(j4]) by VLiV^) from left (right) and using eq.(l2]). The Majorana 
mass terms for neutrinos do not conserve fermion number but mass of each neutrino is Z2 
invariant which reflects as ^2 x Z2 x Z2 symmetry discussed in 

Eq-© remains true for any choice of Vl,r- This invariance thus holds for any choice of 



mass matrix as emphasized in [16|. However, if one wishes to understand symmetries of 
mass matrices as arising from some flavour symmetries at the Lagrangian level then only 
specific class of symmetry transformations Sl^r would be admissible. It is desirable to 
specify Sl^r a priori in this case and put some reasonable requirement on them. In this case 
mass matrix symmetries may have non-trivial content and can restrict the structure of the 
allowed theories. This is made explicit below within 2HDM. 
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II. MASS MATRIX SYMMETRIES AND 2HDM 



Two Higgs doublet models contain the following Yukawa couplings which provide sources 
of mass and additional flavour violations: 

- Cy = Oiirid^i + ^2d4'2)d']^ + Q'i(ri„(^i + T2u4'2)u',^ + h.c. , (5) 

where Viq {i = 1,2; q = u, d) are matrices in the generation space. 0i,2 denote Higgs doublets 
and (pi = iT24>*. Q'^ refer to three generations of doublet quarks and primed fields in the 
above equation refer to various quark fields in the weak basis. The neutral component of a 
specific linear combination of the Higgs fields namely, 

= COS + sin /3e~*^02 (6) 

is responsible for the mass generation 

M, = t;(cos/3ri, + sin/3r2,e^'«) = V.lD.V^^ , (7) 

where 

(00) =vcosP ; (0^> = V sin /3e^^ 

V ~ 174 GeV and 6d = —Ou = 0. The matrices VqL,R diagonalize Mg and also determine its 
symmetry 

SqL,R = VgL,RPgV^^ ji , (8) 

S^MgSgn = Mg . (Q) 



Pg is a diagonal phase matrix 



Pg = diag.(e^°i%e^"2%e^"3^) 



In the most general situation, the matrices SgL,R generate two independent f/(l) x f/(l) x f/(l) 
symmetries Gu and Gd for the up and the down quarks mass matrices respectively. G^ x Gd 
invariance holds for arbitrary Md and specific Sg^^R determined from them. We put a 
mild requirement on possible SqL,R namely that the form of SqL,R be independent of the 
parameters tan /3 and 6 which are determined entirely in the Higgs sector. This innocuous 
requirement has important consequences. Using the definition, eq.(I71) of mass matrices and 
eq.© , it immediately leads to 

SlL^^gSgn = T.g t = l,2. (10) 

This shows that not only the total mass matrix but the individual Yukawa couplings should 
also respect the symmetry. Let us parametrize Tig as 

= VgLT^gV^n ■ (11) 

Eqs. (MTOl) then imply 

Pg^iqPq ~ ^iq ■ (l^) 
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If Gu,Gd refer to the full U{1) x f/(l) x f/(l) symmetry with totally independent aiq then 
the only non-trivial solution of eq.f ll2p is a diagonal Tig for every i and q. Yukawa couplings 
are then given as 

= V,Ll^,V^^ , (13) 

where jig are diagonal matrices with complex entries. More general forms for Fjg are allowed 
if one demands invariance with respect to subgroups of Gu x Gd and we will discuss this 
case in the next section. 

Eq. f|T3|) has powerful phenomenological implications. To see these, let us note that the 
Higgs combination orthogonal to one in eq.([n]) namely, 

^iT' = - sin + cos /302e"*^ (14) 

generates all the Higgs induced flavour violations. The couplings of the neutral component 

-C'y = qLFgqR<Pl + H.c. (15) 



b^p are given as 



with 

Fg = Vl{-smPT^g + cosPT2ge'''^)VgR, 

= (-sin/37i, + cos/372ge*''') , (16) 

where we have used eq.f lT3|) to obtain the second line. It is seen that the FCNC matrix Fg 
become diagonal along with the mass matrices and the tree level FCNC are absent. But 
the phases of (-Fg)n cannot be removed in the process of making the quark masses real and 
remain as physical parameters. The charged component of 0^ corresponds to the physical 
charged Higgs field and its couplings are given in our case by 

- = — {uiLVij{Fd)jjdjR - UiRVij{F*)iidjL) + H.c. (17) 

The above couplings are similar to the charged Higgs couplings in 2HDM of type-I and II. 
In those models, (-Fq)n are proportional to the corresponding quark masses mjg and are real. 
Here {Fg)ii are general complex numbers which can provide new phases in the Bd^s — Bd,s 
mixing. 

Let us make several important remarks: 

(1) An interesting class of 2HDM without the tree level FCNC have been recently discussed 
in These models are obtained from general 2HDM by assuming that two Yukawa 

couplings Fig and are proportional to each other. In the present case, the two Yukawa 
coupling matrices are not proportional to each other but the tree level FCNC are still 
absent. The phases of {Fg)ii in the charged Higgs couplings are dependent on the flavour 



index i unlike in models of 17| which are characterized by a universal phases one for the 



up and the other for the down quarks. If the diagonal matrices 7 i„ a nd in eq. (fT3!) are 

proportional then the present class of models reduce to the one in 171 . 

(2) We are assuming in general that Sul 7^ Sdi- Such inequality can arise from some more 
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fundamental flavour symmetry once SU(2)l x U{1) is broken. There are well-known specific 
examples. For example symmetry ISj broken in a specific way leads to trivial phase 
symmetry for the (diagonal) charged lepton matrix and fi-r symmetry for the neutrino 
mass matrix. Similarly, 15| and A4 19| symmetries in the quark sectors also are shown 
to lead to effectively different Sul and SdL for the quark mass matrices. 
(3) If SuL 7^ SdL then neither the Yukawa interactions ([5]) nor the charged current weak 
interactions remain invariant under symmetries of the mass matrices. This means that 
radiative corrections will not preserve (2o| the structure implied by eq.( !T3|) . This equation 
thus should be regarded as a means of identifying class of models without the tree level 
FCNC. Just as in case of the 2HDM of type-I and type-II as well as the aligned models 



of [17[, the full Lagrangian of the present model is formally invariant under the fermion 
number transformation qiL,R — > e^"''' ciiL,R accompanied by the change in the CKM matrix 

As a consequence of this all the radiative corrections in the 



elements Va — )■ e* 



model would display structure similar to the one obtained in the Minimal Flavour Violating 



21 



models. 



III. MODELING THE SYMMETRIES: 

We have used the Gu x Gd symmetry of the quark mass matrices to identify models 
without the tree level FCNC. As already stated these symmetries do not commute with 
the SU{2)l group and are effective symmetries of the quark mass matrices in general. We 
wish to discuss here two examples. In the first example, the symmetries Sul and SdL are 
identified and thus can be imposed at the Lagrangian level. The other model provides a 
specific realization of the Yukawa alignment discussed in [l3] and is a special case of the 
general 2HDM identified here. 

Le us assume that 

SuL = SdL = Sl 
It then follows from the defining equation ([8]) that 

PuV = VPd . (18) 

where V = V^^VdL defines the CKM matrix. P„, Pd are a priori independent phase matrices 
generating G„ x Gd- From the fact that the diagonal elements of V are non-zero and 0(1), 
one immediately concludes that P„ = Pd- Moreover, if all entries in V are taken to be non- 
zero then one is further led to Pu = Pd = I and the symmetry Sl becomes trivial. But since, 
the elements of V are known to be hierarchical one may assume as a first approximation 



V^\ -X 1 , (19) 
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where A is the Wolfenstein parameter denoting approximately the Cabibbo angle. This form 
is consistent with eq.(fT8l) provided 



Oiid = Oi2d = Oiiu = a2u = a 



This relation defines a U{1) x U{1) symmetry with a non-trivial S^: 



(20) 



(21) 



Imposition of this symmetry would thus lead to approximately correct description of the 
quark mixing. Specifically, let us impose 

as symmetries on the full Lagrangian. Here Si is defined in eq.( 1?T]) and Sgji is obtained 
from it by the replacement Vl VgR. 

The structure of the Yukawa couplings invariant under the above symmetry is given by: 



Tid = VLVidjidV^ ; T2d = VLV2d'j2dVl 



Rd ; 



(22) 



where 7ig,2g are diagonal matrices as before and Viu,d and V2u,d are independent matrices 
with a block diagonal structure having a non-trivial 12 block. The mass matrices Mg have 
simple structure in the basis defined by q'l ^ Ql = Vlq'l and q'^ ^ Qr = Vg^q'^^: 



( Xg Ag \ 

Bg Yg 

y mg, y 



(23) 



where m^u = ', f^sd = f^b- Tjg also have similar structure in the same basis. As expected, 
Mg defined above leads to the CKM matrix as given in eq. fll9p . 

The above considerations do not dictate any specific choice of Vl and remain true for 
arbitrary Vl. This may come from other independent considerations such as quark lepton 
unification. As an interesting example, let us assume that the 5*^ defined as above also 
defines the symmetry of the neutrino mass matrix in the fiavour basis. Then Vl can be 
related to the leptonic mixing matrix in which case one can choose to a good approximation 
{Vl)i3 = and (^4)23 = -{Vl)33 - 



75- '^^^^ 



Sr 



( 



\ 
















-3(6 



11) 



1 

2 



(24) 



) 1(6^" + e^") j 



This corresponds to the generalized /i-r symmetry which exchanges the second and third 
generation fermions if a = 0, r/ = tt. This symmetry was earlier discussed in the context of 
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quarks also(lll. [22-24 1. In particular, it was shown in 23| that one obtains the CKM matrix 
of the form given in eq.( fT9l) by imposing the generahzed /i-r symmetry. The discussion 
presented here shows that this result is not specific to the /i-r symmetry but would follow 
for any U{1) x U{1) symmetry as given in ( !20l) with an arbitrary Vl- In this approach, 
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Vub, Vcb can arise from the small breaking of the /i-r symmetry as discussed in details in 

Above model provides a good example of the "bottom approach" in which starting with 
symmetries of mass matrices we were led to a symmetry of Lagrangian which leads to the 
approximately correct CKM matrix at zeroth order. But the imposed U{1) x U{1) sub-group 
lacks the power of the full Gu x symmetry of the mass matrix. This follows from eq.f l22|) . 
If Vig = in this equation then Fig, and Mq all get diagonalized by Vqi = ViViq with 
the result that there are no FCNC as can be verified by substituting this VqL in the first 
line of eq. ffTB]) and using eq. fl2^ . Thus unlike Gu x Gd symmetry, one needs additional 
alignments condition Viq = V2q in order to eliminate the FCNC. We now discuss alternative 
model where such alignment is in-built. 

The model is based on an additional softly broken SU {2)h symmetry acting on the Higgs 
fields. (01,02) are taken as doublets under SU{2)h- We also introduced two SM singlets 
Xq = {xiq:X2q), Q = u, d cach transforming as doublet under SU{2)h. Finally we impose a 
Z2 symmetry under which Xd and d'^ change sign. This ensures that only Xd couples to d 
quarks and Xu to the up quarks. Yukawa couplings are allowed as dimension five operators 
below some high scale A as in the Froggatt Nielsen approach [25']: 



Q'L^d{Xld(l)2 - X2d<Pl)d!R - Q'l^u{XIu<Pi + X2u4>2)Ur . (25) 



One can use supersymmetry or appropriate U{1) symmetry to forbid couplings involving xj. 
Vacuum expectation values of Xd, Xu at a scale < A leads to 2HDM Yukawa couphngs as in 
eq.([5]) with the property 

J. _ {Xld)j, _ {Xld)j. 
i-2d — —-, rJ- Id — 7 J- d 

\X2d) A 

p _ (X2m) p _ {X2u) p 

KXiu) A 

This relation realizes the alignments hypothesis in and leads to models without the 
tree level FCNC. Since this is a subset of more general solution, eq.(IT3!l allowed by the 
Gu X Gd symmetry the Yukawa couplings and the mass matrix Mq remain invariant under 
this symmetry. The SU{2)h symmetry needs to be broken softly by mass terms in the Higgs 
sector to obtain the general vacuum structure. 

Top quark Yukawa couplings in the above example also get suppressed by the the Froggatt 
Nielsen factor This may not be desirable. This is avoided by adding a third Higgs 

doublet 03 instead of Xiu,2u- The 03 is taken as singlet under SU{2)h and one imposes 
03 ~03)'"i_R~ ~^ '^'iR- this case the up quarks get their masses only from 03 and 
the down quark Yukawa couplings remain the same as in the eq.f l25l) . One gets Yukawa 
alignment in the down quark sector as before. Now the model has one more charged Higgs 
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field which will mix with entering Eq. (11 7p . If one denotes now the lighter charged Higgs 
as then its couplings are obtained by the replacement {Fdja — )■ ripiFdJa , {Fuja — )■ miurj^ 
in eq.f lT7|) . Here rriiu denote the up quark masses and rjp (773) denotes the mixing of with 



IV. NEUTRAL MESON MIXING 



As an example of the phenomenological application of the model, we discuss the neutral 
meson mixing induced by the charged Higgs couplings in eq. (fT7|) . Some other application of 
this scheme are discussed in |17l.l26|. We only discuss salient features here and defer a detailed 
discussion to a later publication [27|. The {Faju and {Fu)ii entering the couphngs are 
determined by the diagonal Yukawa couplings which also determine corresponding quark 
masses, see eq.( IT3|) . Let us make a simplifying assumption that the first two generation quark 
masses and the corresponding (-Fg)jj are small compared to the third generation masses and 
(Fg)33. Retaining only the latter, eq.f lT7|) reduces to 

— iu^LV^3{Fa)33bR - tijV3, (F:)33C?,l) + H.C. (26) 



-C 



H+ 



The charged Higgs contribution to the — mixing arise only from the second term. The 
phase in (-Fu)33 can be absorbed in the definition of H~^. As a result the above Lagrangian 
does not generate any new CP violating phases in the K meson mixing as long as {Fq)jj 
are neglected for j = 1,2. In this limit, the additional contribution to the — 



mixing has the same structure as in the MFV scenario 21 



The same limit however can 
lead to non-trivial phases in the Bq — Bq mixing since the charged Higgs exchanges in this 
case involve both {Fdj^-i and {Fu)^^ and their phases cannot be simultaneously removed. 
More interestingly, the above interaction (!26|) distinguishes between the d and s quarks 
only through the CKM factor and not through additional phases. This results in strong 
correlations among the CP violation in Bg and B^ system. 

Let us make the above remarks more quantitative. The B^ — B^ {q = d, s) mixing 
amplitude can be parametrized in the presence of new physics contribution as follows: 

/SM 



+ nnB,) ^ {Bq\n'''\Bq) (1 + «:,e<0 = I {Bq\W'''\Bq) |p,e-2^(^«+<^«) , (27) 



where /3q represent the relevant phase in case of the SM and (pg are the charged Higgs 
induced phases. The box diagrams involving WH and HH lead to new physics contribution 
involving the charged Higgs H. The interaction in eq.f l26|) lead to the following effective 
Hamiltonian at the weak scale \2d 



n'''' = CiqLl^hLqLl^^hL + C2q-RhLqRhL , (28) 
where Ci,2 are the Wilson coefficients. Taking matrix element of the above equation and 



comparing with the SM result leads to [27 



KqC 



GlM^VBSoixt) 



Ci - 5/24^2 



M 



1^1, + rUq/ B 



B. 



2q 



(29) 
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where Gf,Mw respectively denote the Fermi couphng constant and the W boson mass. 
So{xt) ~ 2.3 for rrit ~ 161 GeV. r]B ~ 0.55 refers to the QCD correction to the Wilson 
operator in the SM,i?iq 2g are the bag factors which enter the operator matrix elements in 
eq. (!28l) and MBq,mb,mq respectively denote the masses for the Bg mesons, b quark and the 
d, s quarks for q = d, s. 

The Wilson coefficients Ci^2 are independent of the flavour q = d, s of the light quark 
in Bq. Mild dependence of Kg on q arise from the operator matrix element multiplying C2 
in eq. (!29|) . This leads to two predictions: To a good approximation, (i) Kd ~ fts and {ii) 
(j)^^ (j)^^ . This implies from eq.f l27|) that 

where AM^ denote the values of the B^ — Bg mass difference in the presence of new physics. 
Equality of Hd and Ks as well as (j)^^ and (pf^ also imply through eq.(l27l) 

(f)d ^ (j)s (31) 

The detailed phenomenological consequences of this prediction are already discussed in 

in a model independent manner. It appears to be in the right direction for explaining the 

CP violating anomalies. In case of Bd, the unitarity triangle angle P 

sin 2/3 = 0.84 ±0.09 

as determined 0] using the information from Vcb, €k and is found to be higher than the 
value 

0.681 ±0.025 

obtained from the mixing induced asymmetry in i? — )■ JjjhKs decay. Since the latter 



measures /3 ± 0^, the above information can be reconciled 28| with a negative 0^ ~ —10 



then implies a sizable asymmetry [28| S^^ = sin2(^ — 0^) ~ 0.4 in Bs decay as 



is indicated by the analysis of UTfit j5| or the CKMfitter group. The charged Higgs 
induced CP violation as discussed here thus provides a concrete realization of the scenario 
proposed in [28| and comes with verifiable predictions, eq. (!30|) and eq.( l3T]) . The same type 
of scenario also follows if the CP violation comes through neutral scalar-pseudoscalar mixing 
ll|. At the quantitative level one can use the experimental observations to limit the allowed 



par ameter space of the 2HDM of the type proposed here. This will be separately discussed 
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V. NOTE ADDED: 

While preparing the manuscript, we became aware of [26.] which contains an ansatz for 
Yukawa couphngs more general than the one reported in [I'll. 
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